Theoretical studies are reported of the complete dipole excitation and ionization spectrum in H 2 0 employing Franck-Condon and static-exchange approximations. Large Cartesian Gaussian basis sets are used to represent the required discrete and continuum electronic eigenfunctions at the ground-state equilibrium geometry, and previously devised moment-theory techniques are employed in constructing the continuum oscillator-strength densities from the calculated spectra. Detailed comparisons are made of the calculated excitation and ionization profiles with recent experimental photoabsorption studies and corresponding spectral assignments, electron impact-excitation cross sections, and dipole (e, 2e )/(e, e +ion) and synchrotronradiation studies of partial-channel photoionization cross sections. The various calculated excitation series in the outer-valence (lb 1 - B 2 partial-channel cross sections are found to be largely atomic-like and dominated by 2p-kd components, although the 2b 2 (u*) orbital gives rise to resonance-like contributions just above threshold in the 3a 1 --+kb 2 and lb 2 -+kb 2 channels. It is suggested that the latter transition couples with the underlying lb 1 -+kb 1 channel, accounting for a prominent feature in the recent high-resolution synchrotron-radiation measurements. When this feature is taken into account, the calculations of the three outer-valence channels are in excellent accord with recent synchrotron-radiation and dipole (e, 2e) photoionization cross-sectional measurements. The calculated innervalence (2al 1 ) cross section is also in excellent agreement with corresponding measured values, although proper account must be taken of the appropriate final-state configuration-mixing effects that give rise to a modest failure of the Koopmans approximation, and to the observed broad PES band, in this case. Finally, the origins of the various spectral features present in the measured Ia 1 oxygen K-edge electron energy-loss profile in H 2 0 are seen to be clarified fully by the present calculations.
B 2 partial-channel cross sections are found to be largely atomic-like and dominated by 2p-kd components, although the 2b 2 (u*) orbital gives rise to resonance-like contributions just above threshold in the 3a 1 --+kb 2 and lb 2 -+kb 2 channels. It is suggested that the latter transition couples with the underlying lb 1 -+kb 1 channel, accounting for a prominent feature in the recent high-resolution synchrotron-radiation measurements. When this feature is taken into account, the calculations of the three outer-valence channels are in excellent accord with recent synchrotron-radiation and dipole (e, 2e) photoionization cross-sectional measurements. The calculated innervalence (2al
I. INTRODUCTION
Photoprocesses in the water molecule are relevant to aspects of the aeronomical, astrophysical, and biological sciences.
1 Recent refinements in VUV synchrotron-radiation, 2 ' 3 electron-impact excitation, 4 and dipole (e, 2e)/(e, e + ion) 5 spectroscopy have provided highly reliable experimental determinations of cross sections for photoexcitation, ionization, and dissociation in this important compound. s-a In the present article, correspondingly reliable theoretical studies of the complete vertical-electronic dipole excitation and ionization spectrum in 11:!0 are reported. The overall character of the observed spectrum and its prominent features are clarified on the basis of the present calculations in terms of elementary molecular-orbital concepts. Particular attention is paid in this to contributions from 2b 2 and 4llt virtual valence orbitals to the spectrum, an aspect of photoprocesses in H 2 0 that has apparently been the subject of some controversy. e-e a>Permanent address.
J. Chem. Phys. 76 (2) , 15Jan.1982 In order to discuss and clarify both the discrete and continuous spectra in H 2 0 from the common perspective of molecular-orbital calculations, it is convenient to employ in the development Stieltjes-Tchebycheff techniques previously devised for this purpose. 9 • 10 A significant number of applications of this approach to molecular photoexcitation and ionization studies have been reported to date, largely in the one-electron verticalelectronic (Franck-Condon), separated-channel, staticexchange approximation. 11 • 12 Methods have also been formulated for cases in which the effects of configura-Diercksen eta/.: Photoexcitation and ionization in H 1 0 tion interaction are of paramount importance in molecular photoionization, and detailed computational applications reported. 13 In the present study of the electronic dipole spectrum in H 2 0, separated-channel static-exchange calculations are found to provide generally satisfactory results, although there is also some evidence of channel coupling present in specific cases, as indicated below.
The calculated discrete excitation series converging on the ( 2 B 2 ionic limits are seen to include contributions from Rydberg as well as 4a 1 and 2~ valence-like orbitals. Both the positions and intensities of the calculated series are in excellent accord with recent VUV synchrotron-radiation studies, and would seem to account satisfactorily for all of the features in the observed spectrum. 2 Correspondingly, the calculated partial-channel photoionization cross sections for parent-ion production are in very good accord with the results of recent dipole (e, 2e) and synchrotronradiation studies. B 1 channels, the latter feature apparently autoionizing into the (lbi
)
2 B 1 channel, and accounting for a prominent maximum appearing in recent synchrotron-radiation measurements of the corresponding partial cross section.
3 When this channel coupling is taken into account, it is seen that the present calculations are in excellent accord with the measured outer-valence-shell partial-channel cross sections.
3 ' 5 Because the Koopmans approximation is generally valid in H 2 0, 14 -16 the separated-channel, static-exchange approximation gives cross sections in good accord with the measured values in the 2a 1 inner-valence region.
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However, the effects of final-ionic-state configuration mixing are required to account for the large width of the measured photoelectron band in this interval. 14 -17 Finally, the calculated K-edge excitation and ionization cross section accounts satisfactorily for all of the prominent features in the measured electron-impact spectrum. 4 Comparisons are made throughout of the present comprehensive results with previously reported theoretical studies of the discrete and continuous spectra in A brief discussion of the physical basis underlying the static-exchange approximation employed in the present development is presented in Sec. II. The discretebasis-set methodology used to solve the appropriate static-exchange equations is given in Sec. III, and the results of the calculations are reported and discussed in Sec. IV. Some concluding remarks are made in Sec. V.
II. STATIC-EXCHANGE APPROXIMATION IN H 2 0
Photoelectron spectra in H 2 0 exhibit five distinct bands that can be associated in the first (Koopmans) approximation with the removal of electrons from individual molecular orbitals having corresponding vertical ionization potentials [lb 1 (12. 61 eV), 3a 1 (14. 73 eV), lb 2 (18. 55 eV) 2a 1 (32. 2 eV), and 1a 1 (539. 7 eV)]. 14 -17 Appropriate theoretical studies indicate the three outermost vertical ionic states are indeed Koopmans or single-hole like with two-hole one-particle configurations accounting for less than -5% of the total wave functions in each case. 36 Similarly, the K-edge ionic state can be regarded as a strongly shifted Koopmans-like state, whereas there is some evidence that the inner-valence 2~ PES band at 32.2 eV indudes a number of satellite states in the 30 to 35 eV interval.
'
17 '
36 In all five cases, however, it is clear that single-hole or Koopmans states provide the appropriate potentials for calculations of vertical electronic excitation/ionization spectra, since the effects of relaxation and reorganization apparently play a small role in vertical ionization in H 2 0.
Appropriate excitation and ionization spectra are obtained in the present development from conventional configuration-interaction or Ritz variational calculations employing singlet-coupled many-electron wave functions of proper symmetry. In the separated-channel approximation these are written in the forms 37 -4°
where the ¢; (i = 1, N) are the occupied canonical groundstate Fock spin orbitals, the ith orbital ¢; has been replaced ( ¢ i -k¢\r 1 ) by the excitation or continuum orbital k¢~r> to be determined, y is the channel label designating the final-state symmetry of excitation or ionization, and the parentheses indicate a singlet-coupled Slater determinant. The appropriate many-electron and orbital symmetries for dipole-allowed excitations in H 2 0 corresponding to the three independent body-frame polarization directions are conveniently tabulated in Table I . The orbitals k¢~r> can be determined by expansion in the virtual Fock orbitals, ¢a (a> N), including the continuous portion of the spectrum, in conjunction with the Ritz principle (2) where His the total many-electron Hamiltonian. Alternatively, carrying outthe variation of Eq. (2) explicitly gives the familiar static-exchange equations 39 ' 40 (3)
for the excitation/ionization orbitals k¢~Y 1 • Here E refers to negative discrete or positive continuum energies, and (4) is the one-electron static-exchange Hamiltonian, with T and V kinetic and nuclear potential-energy operators, respectively, and V 1 <N-t> the appropriate singlet-coupled static-exchange or hole potential obtained upon removal of an electron from the ith occupied orbital. In the case of ground-state H 2 0, the hole potentials take the form (5) where the sum in j is over the Coulomb (jJ) and exchange (KJ) operators of the doubly occupied unexcited orbitals, and j 1 and K 1 refer to the orbital of the active or excited/ionized electron.
When solutions of Eqs. (1)- (5) are obtained, the vertical-electronic transition energies and oscillator strengths or densities are given by the familiar expressions
where </ : > 1 and € 1 are the ith canonical occupied orbital and energy, respectively, and the additional factor of 2 in Eq. (6b) arises from the use of singlet-coupled wave functions [ Eq. (1)]. Since the vertical-electronic approximation is employed in Eqs. (1)-(6), the corresponding partial-channel cross sections (7) implicitly invoke vibrational and rotational closure in the vertical-electronic Franck-Condon approximation. Consequently, comparisons with appropriate corresponding experimental measurements that implicitly sum over vibrational and rotational states are clearly in order.
When configuration mixing between channels is potentially important, Eqs. (6) and (7) ). In this way the excitation or ionization orbitals required in Eqs. (6) and (7) are determined in the presence of mixing with other singly excited configurations involving different occupied and virtual orbit als. This approach can be designated as the couple channel static-exchange or Tamm-Dancoff approximation.
Ill. CALCULATIONS IN H 2 0
In order to obtain solutions of Eqs. (1)- (5) 41 Discrete-basis-set methodology is employed in the present development to obtain solutions of Eqs. (1)- (5) for both negative and positive energies. Large supplemental Gaussian basis sets are employed in conjunction with the valence basis used in the ground-state calcula tion in construction of virtual Fock states. These, in turn, are used to represent the static -exchange orbitals of Eqs. (1) and (5) employing conventional procedures. 43 In Table II are shown supplemental basis sets used in conjunction with the valence basis in the present calculations in H 2 0. The orbital exponents are chosen as extensions of those in the valence basis in order to form an even-tempered sequence having successive exponent ratios of -1. 8. It is seen that the basis sets, therefore, include very compact and very diffuse functions, approaching linear dependence in the interval. Such basis sets have been found previously to provide spectrally complete pseudostates in other molecules. 11 -13 Those static-exchange pseudostates lying below threshold provide approximations directly to the corresponding Rydberg or valence states, whereas those lying above threshold provide the information required in construction of the corresponding oscillator-strength density and photo cross section [Eq. (7)] following the previously described moment methods.
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The computational methodology employed in the present development is the same for each particular excitation/ionization channel considered (Table 1) . A large one-and two-electron integral tape is first written over the entire list of valence and supplemental (Table II) basis orbitals. Smaller tapes are then constructed from this master upon which are written the integrals required in the construction of the pseudospectra for the individual channels of Table II. These smaller tapes are then transformed in the construction of virtual Fock symmetry orbitals appropriate for the final-state symmetry of interest. Single-excitation CI calculations are then performed and all roots and vectors are obtained, from which the transition frequencies and strengths of Eqs. (6) are constructed. Note that the development is the same in the cases of uncoupled and coupled-channel calculations, although the integral tapes and CI matrices are, of course, larger in the latter case.
IV. PHOTOEXCITATION AND IONIZATION IN H 2 0
In order to interpret the origins of the various features in the calculated and measured photo cross sections reported below, it is helpful to first recall the general natures of the occupied and virtual canonical orbitals in H 2 0. 44 The outer-valence region is comprised of 1b 1 (7T), 3a 1 (y), and 1b 2 (a) orbitals which are largely of nonbonding 1fx type, angular or torsional ybonding type, and 0-H a-bonding type, respectively, whereas the inner valence 2atC2s) and K-edge 1a 1 (1s) orbitals are largely 2s and ls oxygen-like, respectively. There is also some evidence, however, of 0-H bonding character present in the 2~ orbital. The virtual spectrum will be comprised of 4a 1 (yt<) and 2b 2 (o*) antibonding valence-like orbitals, as well as more diffuse molecular orbitals of good symmetry type made up of s, p, d, and higher angular momentum atomic Rydberg orbitals. The continuous region of the orbital spectrum will include Coulombic type functions that are natural continuations of the Rydberg series, as well as possible contributions from the valence 4a 1 (Y") and 2bz(o*) orbitals indicated above.
In the following subsections the calculated photoexcitation and ionization spectra in HzO in the outer-valence (lb 11 3a 1 , 1bz), inner-valence (2a 1 ), and K-edge (1a 1 ) regions are described and discussed, and comparisons are made with corresponding experimental and previously reported theoretical studies.
A. Valence region in H 2 0
In Fig. 1 is given a semiquantitative overview of the calculated separated-channel series associated with excitation of electrons from the three outermost orbitals in H 2 0. Also shown in the figure is the total photo cross section obtained from synchrotron-radiation measurements that achieve -0. 03 A spectral resolution. 2 More detailed quantitative descriptions of the calculated excitation series and photoionization cross sections in the separated-channel approximation are given in Tables III   c   0 += 20 rather than Hartree-Fock, vertical-ionization potentials (Table I ).
1b 1 (J.P.= 12.61 eV) spectrum
It is seen from Table III that well-defined 1b 1 -ns~, npa 11 nd~; npb 1 , ndb 1 ; and ndaz series are obtained from the calculations, in very good accord with the assignments based on measured values also shown in the table. Note that the calculations include mixing among the various Rydberg states of given molecular orbital symmetry, but that the series nevertheless separate into s, P, and d components having approximate quantum defects of 1. 4, 0, 7, and 0, respectively. Quantum-defect and Coulomb estimates of transition energies and f numbers, respectively, obtained using these values are also shown in Table III to aid in the series identification.
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The various calculated 1 b 1 excitations are in accord with some of the previously reported theoretical studies, 18 -ao although in many cases these do not employ sufficient numbers of the compact and diffuse basis functions (Table II) required to satisfactorily describe the relevant states (see Table VI ). Table VI The (1. 40) defect of the lb 1 -nsllt series is somewhat larger than the corresponding free oxygen-atom value of 1. 2, 8 and the f number of the resonance (n = 3) transition is significantly larger than that obtained from the Coulomb approximation, suggesting that the 4a 1 {;*) valence orbital perturbs the entire series. This observation is verified by examination of the calculated static-exchange orbitals, which are seen to include admixtures of the 4llt ( ;*) orbital. Note, however, that only the lowest (n = 3) member of the 1b 1 -nsa 1 14llt (Y*) series has a substantial f number, a situation clarified by the significantly larger 4llt(Y") contribution to the former than to the higher-lying members of the series. The resonance transition is known to photodissociate into OH(X 2 ll)+H( 2 S) radicalfragments, 6 accounting for the broad, diffuse nature of the band (Fig. 1) . Presumably, adiabatic dissociative surface associated with the 1 bi 1 4llt ( ;*) configuration crosses the 1 b 1 -nsa 1 Rydberg series in the immediate vicinity of the ground-state vertical Franck-Condon region. It is perhaps remarkable that there has been little discussion of the intravalence nature of this strong dissociative transition in HzO. a-a
The 1 b 1 -nPllt and npb 1 series of Fig. 1 and Table lli are seen to be largely Rydberg in character, with defects of -0. 7, in good accord with the corresponding free oxygen-atom value of 0. 76. 8 Moreover, the calculations are in good agreement with the measured positions and intensities, confirming the spectral assignments in these cases. The higher members of the measured np series are given the assignment lb 1 -nPllt on the basis of the larger calculated f numbers relative to the lb 1 -npb 1 series.
Evidently, four distinct lb 1 -nd series, i.e., lb 1 -nd(r)a~o nd(~ -l)llt, ndb~o and nd~, all having quantum defects of -O, are obtained from the calculations. These are seen to be largely Rydberg in character, and are in generally good agreement with the positions and intensities of the four assigned nd series. 2 ' 46 Note that, as might be expected, the f numbers of the nd series are uniformly larger than those of the corresponding nPllt and npb 1 series.
With the exception of strong broad structures at -9. 7 and 11.5 eV, which are discussed separately further below, the calculated discrete series of Table Ill are seen to account for all of the spectral features below the (lbi 1 ) 2 B 1 threshold (12. 61 eV) in the measured photoabsorption cross section (Fig. 1 ) .
In Fig. 2(a) are shown the lb 1 -ka 1 , k~, and kb 1 contributions to the (1bi 5 It is seen that the 1 b 1 -kb 1 and k~ contributions are indistinguishable from one another, and that the lb 1 -kllt component is approximately twice these values. The former observation is understood by noting that the 1b 1 (1T) orbital is purely atomic oxygen 2P, in character, and that the kp, b 1 orbital contributions (Table II) to lb 1 -kb 1 ionization are expected to be negligible, with the threshold cross section for 1b 1 -kPx b 1 ionization estimated (Table  III) ,.
----_:---:-::::.:::
Photon Energy c (eV) Consequently, both lb 1 -kb 1 and ka,. cross sections are purely 2Px-kdu and kdxy atomic-like, respectively, in nature, and therefore can be expected to be identical. Similarly, the lb 1 -kdllt component is seen from 2 ; and npb 1 , ndb 1 series, respectively. The 3~-nsa 1 series contains a 3s~/ 4a 1 partially intra valence resonance member at -9.9 eV that is seen to be stronger than the defect estimate, whereas the higher members of the series are weak with defect-like f numbers ( 6 = 1. 4), a behavior in accord with the lb 1 -ns~ series discussed above. The position and intensity of the resonance in this case, which is known to dissociate into OH(A 2 2:+) + H( 2 S) radical fragments, 6 is in excellent agreement with measured values, 2 • 7 whereas the higher members of the series are apparently too weak to be observed.
Of the three calculated np series (3a 1 -npa 1 , npb 1 , and npb 2 ), the first two are seen to be purely Rydberg in character ( 6 = 0. 7), whereas the resonance f number in the 3~-npb 2 series is significantly larger than the corresponding defect estimate. Examination of the appropriate orbitals reveals the presence of contributions from the 2b 2 (a*) valence orbital, accounting for the large f number and the significantly lower position in the spectrum of this transition. Careful examination of the measured photo-cross section of Fig. 1 suggests the presence of a broad feature at -11. 5 eV underlying the Rydberg series converging on the (lbi 1 ) 2 B 1 limit which can be given the designation 3~-3Pb 2 /2b 2 (0"') on the basis of the present calculations. This feature has apparently not been previously assigned in the discrete spectrum of H20. a-e Because the weaker higher members of the 3~ -npb 2 series, and of the npa 1 and nPb 1 series, overlap with other strong transitions (Fig. 1) , detailed spectral assignments are not possible in these cases. However, the positions of the experimentally assigned 3a 1 -4p ( 13. 5 eV), 5P (14. 1 eV) excitations are in general accord with the calculated values. The presence of vibrational structure in the strong feature in the -13 to 14 eV interval of the photo cross section similar to that observed in the 3ai 1 PES band 15 can be attributed to intensity borrowing of the weak 3a 1 -np series from the strong 1b 2 -3sa 1 /4~ intravalence transition (see below).
Of the four calculated 3~-nd series [ 3a 1 -tui(z2)~, nd(,;-:f)a 1 , ndb 2 , and ndb 1 ], the nd(z2)~ and ndb 2 transitions are seen to be relatively strong and to overlap to a considerable degree. The two resonance transitions in these series account for a portion of the strong feature centered at -13. 5 eV in the photo cross section (Fig. 1) , which is seen to exhibit a vibrational structure similar to that of the measured (3ai 1 ) 2 A 1 PES band. 15 • 16 The higher members of these two series, as well as the members of the weaker 3a 1 -nd(x!--.:f)a 1 and ndb 1 Rydberg series, are presently unassigned.
In Fig. 2(b) Fig. 2(a) . This is a consequence of the similarity of 2P orbital natures of the 3~ and 1 b 1 molecular orbitals. However, the presence of 2s hybridization and 1s Hatom contributions in the 3a 1 orbital expand it somewhat spatially, resulting in ionization profiles that are peaked at lower energies than in the corresponding 1b 1 (-ka 1 and kb 1 ) cases. In contrast to these, the 3a 1 -kb 2 profile of Fig. 2(b) is seen to contain a prominent feature just above threshold that can be attributed to contributions from the 2b 2 (0"') valence orbital. This orbital also contributes to the resonance transition in the 3a 1 -npb 2 series (Table IV) , suggesting the presence of a diabatic (3ai 1 2b 2 ) surface that cuts rather sharply through the Franck-Condon region in this case, resulting in a splitting of intensity between the discrete and continuous regions of the spectrum. A similar situation is observed in the hg-naulkau cross section in 0 2 
1b 2 (I.P. = 18.55 eV) spectrum
The calculated 1b 2 -na 1 , nb 2 , and n~ excitations of Table IV are seen to separate into well-defined ns~, npa!t nda 1 ; npb 2 , ndb 2 ; and nda 2 series. The resonance in the ns~ series is the strongest feature in the entire spectrum, and apparently accounts for much of the broad strong band centered at -13. 5 eV in the measured cross section.
2 This assignment is in general accord with Gurtler et al., 2 who place the resonance at-13.8 eV, apparently on basis of quantum-defect estimates. As indicated above, the near degeneracy of the strong 1b2 -3s~ /4a 1 resonance with weaker 3a 1 -np and nd excitations suggests configuration mixing in the -13 to 14 eV interval, presumably accounting for the 3ai 1 PES band vibrational structure in the measured photoabsorption cross section. The measured ionization curve suggests formation of neutral fragments in this interval, 7 in accord with the dissociative character of the diabatic The calculated 1b 2 -nPot and npb 2 series are seen to be largely Rydberg in character ( o = 0. 7), although the resonance 1b 2 -3pb 2 transition is evidently lowered somewhat by a contribution from the 2b 2 (o*) valence orbital. Because these series are weak, they are apparently obscured in the measured cross section by other stronger series (Fig. 1) , accounting for the lack of assignments in these cases.
The four calculated 1~-nd series when taken together are relatively strong, but overlap with the nsa 1 series, making spectral assignment difficult in this case. However, the calculated positions and intensities are evidently in very good agreement with the quantum-defect estimates employing the value o = 0, verifying the Rydberg character of the nd series.
The three calculated partial-channel photoionization components 1bz-kot, kbz, and kf4. are shown in 5 Of these, the lb 2 -kaz profile exhibits the familiar 2P-kd behavior, whereas the lb 2 -kbt. profile apparently contains a 2b 2 (o*) or a-o* contribution just above threshold, similar to the 3ot-kbz component of Fig. 2(b) . However, the 1b 2 -ka 1 profile differs considerably from the 2P-kd like profiles of Figs. 2(a) and 2(b) in that there is evidently a very large 1 bz -ksot threshold contribution (see also Table IV) . Because of this large 1b 2 -ka 1 threshold value, as well as that of the 1 b 2 -kb 2 contribution, there is a noticeable discrepancy between theory and experiment in the ( 1b2 2 Bt channel can be attributed to possible autoionization of the lb 2 -2b 2 (a*) contribution in the 1bz -kb 2 cross section into the lb 1 -kb 1 continuum background. In addition, configuration mixing of the lbz -4ot intra valence excitation with 3llt-np and nd series can reduce the threshold value of the corresponding 1b 2 -kilt photoionization cross section. This process can presumably produce neutral fragments in excited electronic states, resulting in a competition between fluorescence and autoionization, in accord with recent observations of Balmer f3 emission from H 2 0 with a threshold at 17. 87 eV.
3 Additional evidence for the production of neutrai excited species in the -18 to 20 eV interval in H 2 0 is provided by a prominent feature in the difference of the measured absorption and ionization cross sections. 7 Finally, the situation is further complicated by the dissociative nature of the (1 b;. 1 ) 2 B 2 ionic state, which leads to production of OH+ and W fragments, as well as Hzo• parent ions. 5 The foregoing remarks suggest that a complete quantitative understanding of photoionization in the (lbi 1 ) 2 B 1 and (1 b2 1 ) 2 B 2 channels of H 2 0 requires that the effects of configuration mixing be incorporated into the development. By contrast, the (3lli 1 )
2
A 1 continuum is apparently largely one electron in nature, and is described satisfactorily by the separated-channel static-exchange approximation.
2a 1 (J.P. =32.3 eV) spectrum
The calculated inner-valence 2llt-not, n~Ja, and nb 1 excitations of Table V are seen to be generally weak, with little evidence present of significant contributions to the nsa 1 and npb 2 series from 4a 1 (r*) and 2b 2 (cr*) valence orbitals, respectively. In this respect the inner-valence 2a 1 series differ from the corresponding outer-valence series described above (Tables III and IV) , to which the virtual valence orbitals make noticeable contributions. Although experimental studies of excitation series in the inner-valence region of H 2 0 are apparently unavailable at present, the calculated transition energies and f numbers can be compared with quantum-defect estimates. With the exceptions of some irregularities in the npa 1 , and nda 1 series, which may indicate mixing among the various contributing l waves, the calculated staticexchange excitation series are seen to be in general agreement with the corresponding defect estimates.
In Fig. 3(a) are shown the calculated 2~-ka 11 kb 1 , and kb 2 contributions to the (2ai 1 )
2
A 1 cross section, as well as the vertical electronic result in comparison with measured (e, 2e) values. 5 The three polarization components are seen to be broad and unstructured, pre sumably as a consequence of the spatially compact, largely oxygen 2s character of the 2~ orbital. Consequently, although the (out-of-plane) 2~-kb 1 component exhibits a broad, weak maximum, the ka 1 and kb 2 profiles are generally 2s-kp like in energy dependence. The calculated (2ai 1 ) 2 A 1 vertical electronic cross section obtained from summation of the three polarization components is evidently in generally good agreement with the experimental values. 5 In spite of the good agreement obtained between theory and experiment for the 2a 1 cross section shown in Fig.  3(a) , there is a modest failure of Koopmans theorem in the inner-valence region in H 2 0, i.e., the measured 2a 1 PES band in H 2 0 is comprised of two or more ionic states. 5 • 36 This point is illustrated by Fig. 3(b) , in which the measured valence-shell (e, 2e) photoelectron spectrum for 41 eV incident photons is compared with theoretical values in the intensity-borrowing approximation. 13 The latter spectrum is obtained from the expression13
Here, E:"' are the energies of the ionic states, w" the corresponding widths, cr;(hv) the static-exchange orbital cross sections, and I a!"'> 1 2 the so-called spectroscopic factors. 13 It is seen from Fig. 3(b) that the three outervalence (1b 1 , 3a 1 , 1b 2 ) PES bands in H 2 0 are each comprised of single ionic states, in accordance with Koopmans theorem, for which the spectroscopic factors are unity. By contrast, a number of ionic states having nonnegligible spectroscopic factors contribute to the 2a 1 inner-valence band, accounting for its substantially greater width relative to the outer-valence bands. 36 In each case the individual linewidths w" (~ 1 eV) can be estimated from the envelopes of vibrational excitation in the Franck-Condon energy-gradient approximation, 48 -50 although in the present work these are simply chosen to provide a reasonable fit to the measured profile. It is seen that the measured spectrum, which includes the appropriate electron analyzer transmission -efficiency corrections, 51 is in generally good agreement with the theoretical results of Eqs. (8) obtained following this procedure, although there is a modest misalignment of the peak positions.
Total valence-shell cross section
In Fig. 4 are shown the four calculated valence-shell partial-channel photoionization cross sections in H 2 0, the corresponding total cross section, and measured total photoionization values obtained from synchrotron-radiation and (e, e +ion) electron-impact studies. perimental and theoretical values are in general agreement, the calculated llJ2 1 channel cross section is seen to provide an overestimate in the-20 to 25 eV energy interval. The effects of channel coupling and autoionization can be expected to diminish the lb2 1 value in this energy interval, however, presumably also accounting for the structure in the synchrotron-radiation measurements of the (lbi 1 ) 2 8 1 profile of Fig. 2(a) , as indicated above . In spite of the neglect of channel coupling in the present calculations, the total cross section obtained is seen to be in generally good agreement with the measured values, suggesting the separated-channel results provide a useful first approximation to the valence dipole spectrum in H 2 0.
Comparisons with previous calculations
In 27 the previously reported studies, particularly those in the IVO approximation, 29 • 30 are generally in accord with the present more comprehensive larger-basisset calculations. The latter are also seen here, as in Tables Ill and IV , to be in excellent accord with the experimental values. 2 The largest discrepancy between measurement and the present calculations is apparently for the lb 1 -3s excitation, in which case the RPAE cal- Table 1 ).
Diercksen eta/.: Photoexcitation and ionization in H 2 0 culations 33 are seen to be in somewhat better accord with experiment. The latter calculations also suggest relatively strong configuration mixing between the 1b 2 -3sllt l4llt excitation and other hole-particle combinations (not shown), in support of related comments made in Sees. IV A. 2 and IV A. 3. In spite of its general interest and importance, it is seen from Table VI that relatively few theoretical studies have been reported to date of the discrete dipole excitation spectrum in H 2 0. 8 -a Previously reported studies of valence-shell photoionization cross sections in H 2 0 include those in planewave, 31 one-center Coulomb, 32 RPAE, 33 one-center inversion potential, 34 and X"' 35 approximations. Although the plane-wave results are not in accord with experimental values or with the present calculations, the onecenter Coulomb and inversion-potential calculations give cross sections in generally good agreement with measured values, confirming the dominance of the oxygen atom orbitals in the photoionization of H 2 0. Similarly, the X"' studies indicate good agreement between oxygen atom and H 2 0 orbital cross sections, although no comparisons with the available experimental values are reported. 35 There is no evidence in any of the three onecenter calculations of contributions from 2b 2 (a*) or 4llt ( y*) orbitals in the cross sections or in the discrete spectral regions, however. By contrast, the present calculations suggest that single-channel results should overestimate the (1b2 1 ) 2 B 2 cross section at threshold (Fig. 2(c) ], allowing for the possibility of autoionization into the (1 bi 1 )
2 B 1 channel to account for the presence of a strong feature in the -18 to 20 eV interval ( Fig.  2(a) ]. Of the previously reported theoretical studies, only the RPAE results exhibit a similar feature. Consequently, it is clear that more detailed coupled-channel calculations are in order to clarify this point, and that apparent agreement between single-channel calculations and experimental values can possibly mask important and interesting features in molecular photoionization cross sections.
B. K-edge (I.P.=539.7 eV) region in H 2 0
The calculated 1a 1 -nllt, nb 1 , and nb 2 excitation series are shown in Table VII in comparison with corresponding quantum-defect estimates obtained employing defects of fJ = 1. 40, 0. 7, and 0 for s, p, and d series, respective· ly. As in the case of outer-and inner-valence excitations, the lllt-nllt series is evidently comprised of individual interlaced nsa 1 I 4llt, nPllt, nd(z2 )llt, and nd(x!' -y2)a 1 series, and the lllt-nb 1 and nb 2 excitations include npb 1 , ndb 1 and nPb 2 , ndb 2 Rydberg series, respectively. In addition, the nb 2 excitations include the now familiar 2b 2 ( a*) contribution. Because of the wellknown sensitivity of K-edge Is-to-valence-orbital excitations to electronic relaxation and reorganization effects neglected in the present studies, the calculated la 1 -3sllt I 4a 1 and 2~ transitions at 530. 9 and 531. 7 eV, respectively, fall somewhat below the observed strong features at 534. 0 and 535. 9 eV in the measured electron impact-excitation spectrum [ Fig. 5(b) ). 4 The relative intensities of the measured peaks are in general agreement with the calculated values, however. More- Table III , footnote a, employing the indicated experimentally determined vertical ionization potential. 14 l>rhe measure K-edge electron energy-loss spectrum [ Fig. 5{b) ] is seen to include strong features at 534. 0, 535. 9, and 537.1 eV that are in accord with the relative positions and strengths of the calculated 1a 1 -3sa 1 14ato 2b 2 , and 3pb 1 excitations. A fourth peak in the measured spectrum falls in the region (538. 5 eV) of many individual Rydberg transitions making specific assignment impossible. 0 As in Table III , footnote c, employing the threshold oscillator-strength densities of Fig. 5(a) 4.----,.------,----,----,----..,.----,-----, 
:;::: over, the calculated 1a 1 -3Pb 1 Rydberg transition, which is significantly and inexplicibly stronger than the corresponding quantum-defect estimate, is seen to be in good agreement with the third strong feature at 537. 1 eV in the electron impact-excitation spectrum. An additional excitation peak identified in the experimental profile falls in the region of many individual Rydberg excitations (538. 5 eV), so a specific assignment is not possible in this case. Evidently, the calculated excitation series of Table VII account for the strong features observed below threshold in the electron impact-excitation measurements. 5 Because the 4a 1 (y*) and 2b 2 (a*) valence orbitals contribute primarily to the discrete excitations of Table VII , presumably as a consequence of the very attractive nature of the 112i 1 hole-state potential, the 1a 1 -k~, kb 11 and kb 2 photoionization cross sections are expected to be largely unstructured. This expectation is verified by the calculated profiles shown in Fig. 5(a) , which are seen to be generally unstructured, although there is a weak, broad maximum in the 1a 1 -kbz channel. The total Kedge photoionization cross section obtained from the calculations is compared with measured values in Fig.  5(b) . The measured energy-loss spectrum 5 has been converted to cross-sectional values by multiplying with the factor (E:/«! 1 ) 3 and normalizing to the calculated value at threshold. Evidently, the two results are in general but not precise agreement, with the weak maximum at -555 eV in the measured values attributable to the corresponding broad feature in the calculated 1~-kbz contribution.
V. CONCLUDING REMARKS
A great many experimental studies of photoprocesses in the water molecule have been reported to date, including recent detailed measurements of total photoabsorption and ionization cross sections, and of the partial-channel branching ratios for production of specific parent-ionic states and of dissociative ionic fragments. In view of the importance of this familiar compound in many connections, and in the absence of completely satisfactory earlier theoretical studies, a comprehensive theoretical account of the general features of the complete dipole excitation spectrum in H 2 0 is given here.
As in previously reported studies in this series, which now includes investigations of H 2 , N 2 , 0 2 , F 2 , CO, C0 2 , H 2 CO, C 2 H 2 , and 0 3 molecules, it is found helpful to clarify the calculated discrete excitation series and photoionization cross sections in H 2 0 in terms of contributions from valence 4~ ( y*) and 2bz(a*) virtual orbitals, and from the more diffuse orbitals that give rise to Rydberg series and corresponding hydrogen-like photoionization continua. The discrete-basis-set methodology employed is particularly well suited for this purpose, allowing for the discussion of both discrete and continuum portions of the spectrum on a common basis.
Use of very large basis sets in the present study results in highly satisfactory descriptions of intravalence and Rydberg transitions in the static-exchange or improved-virtual-orbital approximation. Specifically, the calculated n~ series are seen to separate into well defined ns~, npa 1 , and nda 1 Rydberg series. The 4~ ( Y*) virtual valence orbital is found to contribute strongly to the nsa 1 series, particularly to the 1b 1 -, 3~ -, and 1b 2 -3sa 1 /4~ resonance members, which lead to broad photodissociation bands, and which are given a mixed Rydberg/valence designation. This is in marked contrast to most earlier theoretical studies, which suggest the excited states in H 2 0 include only Rydberg transitions. The nb 2 series are found to include npb 2 and ndb 2 Rydberg series, as well as perturbing contributions from the 2b 2 (a*) virtual valence orbitals, whereas the nb 1 excitations are entirely npb 1 and ndb 1 Rydberg-like in nature. Of particular interest in the calculations is the appearance of four d-type [nd(z2)~, nd(::!--y2)a 1 , ndb 1 , and ndb 2 ] Rydberg series, in excellent accord with recent detailed assignments of the 1 b 1 excitations. Although the separated-channel static-exchange calculations are seen to provide a useful first approximation to the important discrete spectral features in the -7 to 20 ev energy interval in H 2 0, there is evidence of configuration mixing in some cases, which require subsequent additional study.
Diercksen eta/.: Photoexcitation and ionization in H 2 0
The calculated outer-valence-shell (lbi 1 )X Because of a modest failure of Koopmans' theorem in the inner-valence 2llt region in H 2 0, a number of final ionic states contribute to photoelectron spectra in the ~ 30 to 40 eV binding-energy region, giving rise to a very broad effective 2ai 1 band. Calculations in the intensity-borrowing sudden approximation, employing separately reported spectroscopic factors and the staticexchange 2llt orbital cross section, are seen to be in good agreement with measured PES and corresponding cross sections obtained from dipole (e, 2e) studies.
The total valence-shell photoabsorption and ionization cross sections obtained from the separated-channel static-exchange calculations are seen to account quantitatively for all of the important features present in the corresponding measured profiles. Specifically, the 1 b 1 -, 3llt-, and 1 bz-3sllt I 4llt intra valence transitions are seen to dominate the discrete spectral interval, and increases at the various thresholds in the measured ionization cross section are attributed to corresponding features in the 1 bi 1 , 3ai', and 1 bz 1 ionization continua. Moreover, the weak (2ai 1 ) 2 A 1 contribution is seen to account for a broad structure in the measured cross section at the appropriate threshold.
Finally, the calculated 1ai 1 K-edge excitation spectra are seen to clarify the origins of three strong features observed below threshold in the measured electron energy-loss spectrum. In contrast to the valence-shell spectra, the 1ai 1 hole-state potential supports lowlying 4a 1 (y*) and 2/Jz(CJ*) orbitals that contribute entirely to the discrete spectral region, accounting for two of the measured features, with the third peak attributed to a strong 1Ut-3Pb 1 Rydberg transition. The photoionization continua are correspondingly unstructured and largely monotonic, although a very weak broad feature in the measured ionization profile is clarified by the calculated cross section.
